Introduction
Innovation has become a critical competency for engineering students 1, 2 . Engineers are called upon to understand and develop solutions to increasingly complex and challenging problems and produce greater value for a variety of stakeholders. Current research on engineering students and their connection to innovation has focused on two key areas. First, researchers have developed and utilized students assessments based on the knowledge, skills, and attitudes of expert innovators and entrepreneurs [3] [4] [5] [6] . Second, researchers have analyzed project deliverables and conceptual design outcomes as meaningful representations represent students' innovation competency. [7] [8] [9] Yet, innovation is a complex phenomenon. Current understanding of innovation involves not only outcomes and individual characteristics, but the environments that support innovative outcomes [10] [11] [12] , and more prominently, the processes that innovators 13, 14 and innovative teams organizations 15 utilize. In this study, we investigate the breadth of student understanding of innovation processes. More specifically, we ask:
1. To what extent do engineering students acknowledge unique phases of innovation as part of their personal innovation processes?
2. To what extent do engineering students acknowledge technological, strategic, societal, financial, competitor, and human considerations as part of their personal innovation processes?
Literature Review

Frameworks for describing innovation processes
In 1966, economist Robert Johnson summarized the innovation process into four stages:
1. Initial idea or need recognition which leads to research. 2. Decision of technical and economic feasibility which leads to development of the idea and testing of a prototype and trail production runs. 3. Commercial production of the product. Note that innovation still continues during this step in the form of improvements to the initial innovation and diffusion of the innovation to other firms and industries. 4. A further stage of the diffusion from the nation level to the international level.
Ford and colleagues simplified this definition into 3 stages 15 . Stage 1 focused on basic research. Stage 2 consisted of working through the technical and economic problems with the goal of reaching a feasible solution. Stage 3 consisted of commercial production and diffusion of the solution. While, at a macro level, these definitions capture the essence of the innovation process, neither demonstrates how innovation occurs at a micro level (i.e., for individual innovators).
Further studies have explored the unique processes innovators utilize. Some of these studies attempt to form composite models of innovators' processes (e.g., to identify common pathways to innovation). For example, Griffin and colleagues 13 interviewed serial innovators from a diverse array of industries. They identified an "hourglass model" of the innovation process that was defined by five key objectives and their interplay (pg. 1366):
• Finding an interesting problem • Understanding the problem completely • Inventing a solution to the problem and validating it with customers and the firm • Executing the firm's formal development process to turn the problem solution into a sellable product • Creating market acceptance for the product Other researchers have embraced breadth in innovators' processes. Golish and colleagues 14 , for example, explored the stages and issues academic and professional innovators in the RFID industry incorporated into their processes along a two-dimensional framework. This framework incorporated five stages (opportunity identification, design and development, testing and preproduction, introduction and production, and life-cycle management) as well as six issue areas (technological, strategic, financial, societal, human (resources), and competitor).
14 The stage dimension aligned with Ford and colleagues' macro-level process (e.g., Ford and colleagues' Stage 2 incorporates Design and Development and Testing and Preproduction). Within this framework, Golish and colleagues identified 133 elements (e.g., idea generation)
from literature and open-ended participant responses that individual innovators utilized to build their processes. Hence the micro-level innovation processes can be both a complex and diverse, varying from innovator to innovator. Golish and colleagues' framework can be used to inform an understanding of the focus and comprehensiveness of individual innovator's process.
Measuring understanding of the innovation process among engineering students
Alongside the push to identify innovative attributes and outcomes among engineering students, assessments of these areas have come into recent focus. For example, a 2016 review explored the methods used to assess engineering student competencies related to engineering entrepreneurship and innovation 5 . Assessments tended to focus on a variety of knowledge, skills, and attitudes, and most often took the form of self-report surveys and project deliverables. Additionally, idea generation and conceptual design tasks have been used to determine innovation competency 6, 7, 16 . While these assessments have provided insights into different aspects of innovation competency, additional assessments are needed to explore the comprehensiveness with which engineering students understand the innovation process, and the specific elements of the process that they emphasize. Previous studies have demonstrated process maps 17, 18 as a visual assessment tool that can provide a quick and effective evaluation of an individuals' understanding of the innovation process.
Methods
We utilized quantitative content analysis 19 to investigate the extent to which students included the distinct phases and focus areas of the innovation process in their process maps. This analysis is guided by the innovation process framework developed by Golish and colleagues. 14 
Participants
Thirty-two engineering students from a large research university participated in this study. Participants were recruited from a variety of organizations and courses and through a series listserv emails and fliers across campus. This method allowed us to reach a broad cross-section of the student population, especially those who participated in a variety of innovation-related projects (including personal projects, course projects, design competitions, service learning projects, internship and co-op, and new start-ups). Demographically, the sample was composed of 25 seniors and 7 first-year students across nine different engineering majors; 15 females and 17 males; and 12 students self-identified as Asian, 18 self-identified as white, and 2 students preferred not to identify race/ethnicity.
Data Collection
Students each participated in a two-hour interview protocol containing five stages: background interview, process mapping task, idea generation task, innovation content interview, and closing remarks. The current study focuses on data from the process mapping task only. Utilizing a think aloud protocol, participants were given thirty minutes to sketch and discuss an innovation process map. Students were prompted to include stages or activities students would perform to "identify, develop, and implement an innovative design solution," but were not given explicit instructions related to the form or structure the process map would take. After students completed their process maps, they also completed a semi-structured debriefing interview to provide additional details related to the content and motivation of their process maps. We utilized smartpen and audio-video recordings, as well as physical copies of the process maps, to capture both visual and verbal representations of the students' innovation processes (i.e., a realtime account of students' descriptions of their innovation processes and the development of the process maps).
Data Analysis
We utilized 31 of the participants' process maps as data in this study. One participant's process map was not used in analysis because it did not address the given prompt (it focused on how he would solve a standard statics homework problem). We began coding the process maps with an a priori coding protocol based on the work of Golish, Shuman, and Besterfield-Sacre. 14 Golish and colleagues' study investigated the technology development processes of expert 11 academic and industry innovators. This coding protocol identified six distinct focus areas (technological, strategic, societal, financial, competitor, and human resources) across five distinct phases of innovation (opportunity identification, design and development, testing and preproduction, introduction and production, and life-cycle management). Initial codes represented each of the thirty potential combinations of the phases and focus areas.
Since Golish and colleagues' study focused on professional innovators and utilized a list of potential stages, rather than allowing freeform process map development, we performed an initial open coding stage to explore the types of activities students listed and refine/elaborate definitions of the a priori codes. We underwent four iterations of open coding, refining the codebook at each stage, until code definitions and examples stabilized and two authors agreed on the structure. After this initial coding phase, we axially coded all 31 process maps and checked inter-rater agreement. The levels of agreement were acceptable (Cohen's kappa was .82 for the phase dimension and .78 for the focus area dimension). Two authors discussed the remaining coding differences and reached agreement on all coded elements. A copy of the final codebook is included as an appendix.
Maps were initially coded using only visual elements, however the meanings of some visual elements were unclear. The smartpen audio-video recordings were used to give the researchers a clearer understanding of the students' meanings with relation to specific elements and how they fit into the process maps.
Results
Frequency of Innovation Phases
We first investigated the number of process map elements that were aligned with each innovation phase. Figure 1 demonstrates that participants emphasized the initial stages of innovation, especially opportunity identification, and decreased emphasis with each successive phase. There were few instances of life-cycle management, demonstrating limited considering of innovation after the solution has been introduced. 
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Frequency of Innovation Focus Areas
Next, we explored the instances of each focus area in participant process maps. Figure 2 shows that the most observed focus area was technology, followed by strategic, societal, human (resources), financial, and competitor issues. Technological elements accounted for 46% of the coded elements, demonstrating an overwhelming emphasis on these issues with relation to the innovation process. While some of the business-related focus areas were common (e.g., strategic accounted for 23% of the process elements), only five total elements considered competitor issues. Table 1 presents a breakdown of the coded elements by combinations of phase and focus area. The general trends (i.e., a non-uniform distribution) from the individual dimensions are largely consistent here. However, this table also demonstrates specific phase-focus area combinations that were not observed in any of the process maps (such as financial-design and development), and focus areas that were predominantly observed in particular phases. For example, both human resources and financial elements occurred most frequently during the opportunity identification phase. In exploring the individual maps, these trends can be attributed to multiple elements related to team formation (human resources) and securing funding for the project (financial). Table 2 presents an alternative perspective on the results in Table 1 . Instead of exploring the number of instances of each code, Table 2 presents the number of participants (out of 31) who included at least one instance of each phase-focus area combination in their process map. These results demonstrated a similar trend to those in Table 1 , but they show an increased relative emphasis on societal and human resources considerations. For example, 84% of students identified at least one societal element in their process map, compared to 71% for strategic elements, despite strategic representing 52% more coded elements than societal. Further, these results demonstrate that many of the phases and focus areas were acknowledged by at least half of the participants. 
Figure 2. Instances of each focus area in student process maps
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Discussion and Conclusions
Both the phase and focus area dimensions demonstrated exponential decay-shaped trends with respect to the total instances of each element featured across all process maps. In the phase dimension, this trend demonstrated diminishing instances of phases from the front end of innovation to the back end. It is not surprising that students favored early stages such as opportunity identification and design and development as these are the phases that are most common to curricular design activities (e.g., concept generation, modeling, and prototyping activities). Further, results from Golish and colleagues' 14 study demonstrates a similar trend, i.e., there may be more unique tasks to complete during these early stages as projects are initiated and developed.
The decay trend along the focus area dimension represents a strong preference for technological issues, a moderate preference for strategic and societal issues, and less consideration of human resources, financial, and competitor issues. Once again, this result is not surprising due to the strong technical focus of much engineering curricula. Further, a comprehensive list of potential activities in each focus area shows only a limited number of competitor-related and financial aspects. 14 Still, fewer than half of the participants included a production and introduction or life-cycle management element in the phase dimension or financial or competitor elements in the focus area dimension. Various combinations of these underrepresented elements (e.g., consideration of competitor issues during production and introduction) were missing from all process maps. The lack of representation, and even omission, of these phases, focus areas, and combinations thereof shows a potential challenge for many engineering students as they enter the professional arena and participate in higher stakes innovation projects. Better preparedness on these underrepresented aspects, especially innovation beyond opportunity identification, design and development, and testing, could be appropriate. Future work may focus on exploring why these areas are underrepresented and how instruction and innovation activities can support more expansive understanding and awareness in these areas.
